A series of ten ferrocenyl, furyl and thienyl mono-and biscarbene chromium(0) complexes were synthesized and characterized spectroscopically and electrochemically. The single crystal structure of the biscarbene complex [(CO) 5 Cr=C(OEt)-Fu'-(OEt)C=Cr(CO) 5 ] (4a) was determined: C 20 H 12 Cr 2 O 13 ; triclinic; P1; a = 6.2838(5), b = 12.6526(9), c = 29.1888(19) Å, α = 89.575(2), β = 88.030(2), γ = 87.423(2)°; Z = 4. Results from an electrochemical study in CH 2 Cl 2 were mutually consistent with a computational study in showing that the carbene double bond of 1 -6 is reduced to an anion radical, -Cr-C• at formal reduction potentials < -1.7 V vs. FcH/FcH + . The Cr centers are oxidized in two successive one electron transfer steps to Cr(II) via the Cr(I) intermediate. Only Cr(I) oxidation is electrochemically irreversible. Dicationic Cr(II) species formed upon two consecutive oneelectron oxidation processes are characterized by a peculiar bonding situation as they are stabilized by genuine CH···Cr agostic interactions. With respect to aryl substituents, carbene redox processes occurred at the lowest potentials for ferrocene derivatives followed by furan complexes. Redox process in the thiophene derivatives occurred at the highest potentials. This result is mutually consistent with a 13 C NMR study that showed the Cr=C functionality of furyl complexes were more shielded than thienyl complexes. The NHBu carbene substituent resulted in carbene complexes showing redox processes at substantially lower redox potentials than carbenes having OEt substituents.
Introduction
The very first metal carbene complex of the type [(OC) 5 M=C(XR)R'] (M = Group 6 transition metal) reported by Fischer et al. contained an aromatic phenyl substituent (R') on the carbene carbon atom. The carbene substituents XR and R' control the electrophilicity of the complex, 12 although for the heteroaryl substituents R', stabilization of the carbene carbon atom occurs by both the conjugative release of electrons as well as specific π → p donation. 3(d) , 13 Modification of the steric and electronic nature of the carbene ligand can therefore be effected by both the heteroatom and the heteroaryl substituents. To enable us to establish especially electrochemical changes that are introduced by the heteroaryl substituent we report here the synthesis, characterization and electrochemical properties of 2-furyl (Fu) monocarbene and 2,5-furadiyl (Fu') complexes with both the known alkoxy-and the new amino-substituted carbene carbon atoms.
14 By comparing the results with those of the 2-thienyl (Th) and 2,5-thiendiyl (Th') biscarbene complexes of chromium(0) which we reported earlier this year, 7 we could establish a trend regarding the effects ring-heteroatom (O vs S), and carbene-heteroatom (O vs N), as well as the effect a second metal carbene moiety (mono-vs biscarbene ligands) has on the redox activity of this series of (hetero)aryl Fischer carbene complexes of chromium(0). The electrochemical results are supported by theoretical calculations which allow us to gain more insight into the nature of the species involved in the electrochemical processes. The single crystal X-Ray structure of the biscarbene furan-containing complex [(CO) 5 Cr=C(OEt)-Fu'-(OEt)C=Cr(CO) 5 ] (4a) is also described.
Synthesis and characterization
The ethoxycarbene complexes were prepared by reaction of mono-or dilithiated (hetero)arene (ferrocene, furan or thiophene) with 1 or 2 eq. of [Cr(CO) 6 ], followed by alkylation with 10% excess Et 3 OBF 4 15 to yield the ethoxy monocarbene complexes 1 16 and 3
17
, or biscarbene complexes 2 18 and 4, 4(e),(f ) respectively (see Scheme 1).
Scheme 1. Synthesis of chromium(0) heteroaryl mono-and biscarbene complexes
Aminolysis 19 of the ethoxycarbene complexes with n-butylamine was performed by addition of 2.2 mmol or 4.2 mmol NH 2 Bu to a solution of 3 (2 mmol) or 4 (2 mmol), respectively, in 20 mL diethyl ether at room temperature. Stirring was maintained for 30 min, whereafter the solvent was removed under reduced pressure. Column chromatography with eluent hexane:CH 2 Cl 2 (1:1) yielded the new furyl and thienyl aminocarbene products 5a, 5b 7 (monocarbene complexes), 6a and 6b 7 (biscarbene complexes), respectively (Scheme 1). For the monocarbene complex 5a, NMR spectroscopy revealed the duplication of all resonances, due to the formation of both the syn and anti-isomers (see Figure 2) , 20 in a ratio of approximately 1:1. Trace amounts of isomers were observed for biscarbene complex 6a, but only one configuration could be isolated and characterized. All neat compounds were stable in the absence of oxygen and could be stored for months at -4°C under argon. Electrochemical evidence indicated that in CH 3 CN or CH 2 Cl 2 solutions, they decomposed to an observable extent within ca. 30 minutes at room temperature. This is slow enough to allow spectroscopic and electrochemical measurements. Coordination of the metal-carbene moiety causes a deshielding of the α and β-protons in the 1 H NMR, effected by the partial positive charges afforded on these protons caused by π-resonance effects. However, unlike for the thienyl carbene complexes (3b -6b), H α of the furyl carbene complexes (3a -6a) cannot be employed as a probe for electronic ring substituent involvement due to their upfield shift compared to H γ (see Experimental Section). The atypical assignment of the furyl ring proton chemical shifts is based on assignments following predicted shifts for ester derivatives.
5(e), 21 The resonances for the H γ chemical shifts do reflect the decreased electron donation from the furyl rings for the aminocarbene complexes (5a, 7.67 and 7.44 ppm; 6a, 7.13 ppm) compared to the ethoxy-analogues (3a, 7.82 ppm; 4a, 7.22 ppm). The formation of both syn-and anti-rotamers across the restricted C carbene -N bond was observed by the duplication of all NMR signals of 5a in a ratio of 1:0.95 (syn:anti) (see Figure 1) . 22 For the biscarbene complex 6a, although three possible isomers exist (syn,syn; anti,anti or syn,anti), only one isomer could be observed but could not be unambiguously assigned as either the syn,syn-or anti,anticonfiguration. Significant upfield shifts of the carbene carbon 13 C NMR resonances of the aminocarbene complexes (5a, 243, 250 ppm; 6a, 250 ppm) reflect the increased C carbene -N bond order and resultant less electrophilic carbene carbon atoms compared to 3a (311 ppm) and 4a (313 ppm). This corresponds to the expected decrease in the trans-CO stretching frequency (A 1 ' band) 23 of 5a and 6a (1910, 1916 cm -1 , respectively) compared to that observed for 3a and 4a (1960, 1962 cm -1 , respectively). Comparison of ring-heteroatom effect on the 13 C NMR shifts of the carbene carbon atom reveals that furyl-substituted aminocarbene ligands (5a, 6a) are more shielded (243, 250 ppm, respectively) than the thienyl-substituted complexes 5b and 6b (258 -272 ppm). A smaller effect is observed when comparing thienyl ethoxycarbene ligands (3b, 316 ppm; 4b, 322 ppm) with the furyl amino-analogues (3a, 311 ppm; 4a, 313 ppm).
X-ray structural study
Complex 4a crystallizes with two molecules in the asymmetric unit. Crystallographic data are given in Table 1 . The molecular structure of molecule 1 is shown in Figure 3 . The structures of both molecules are similar and are also similar to that of the methoxy-carbene analogue. 24 Selected geometric parameters (mainly about the carbene C atoms) are given in Table 2 . A trans conformation of O alkoxy and O furan about the C carbene -C furan bond is electronically favored in alkoxyfuran-carbene complexes, however, in mono-furan biscarbene complexes a trans -trans conformation cannot be adopted as this would bring the two Cr(CO) 5 moieties too close to one another and thus a cis -trans conformation is adopted. Cr2-C14-C20 124.0(2) Cr22-C34-C40 123.8(2)
a mean bond distance for carbonyls trans to a carbene. b mean bond distance for carbonyls cis to a carbene.
Electrochemistry
Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and Osteryoung square-wave voltammetry (SW) were conducted on 0.5 mmol.dm -3 solutions of 1 -6 in dry, oxygen-free CH 2 Cl 2 utilizing 0.1 mol.dm Three carbene-based redox processes were observed. These are:
(a) the one-electron reduction of the carbene double bond; peaks for this process are labelled I throughout in Figures 4 and 5 and Table 3 , (b) oxidation of the Cr(0) centre to Cr(I) is associated with peak 1, and (c) peaks labelled 2 are associated with the one-electron oxidation of the electrochemically generated Cr(I) centre to Cr(II).
One-electron oxidation of the ferrocenyl group in 1 and 2 (peak Fc in Table 3 and Figure 4 ), is observed after Cr(0) oxidation but before Cr(I) and have been thoroughly described in our previous report. 7 It should be noted that it is very difficult to separate redox events that take place at closely overlapping potentials by electrochemical techniques, as discussed in detail by Taube et al.
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Reduction in aprotic solvents of alkenes 27 in general and the carbene double bond, Cr=C, in particular 7 are known to occur at far negative applied potentials. During a one-electron transfer process a radical anion of considerable instability is generated; follow-up chemical reactions destroy this electrochemically generated species quickly. 7 Electrochemical reversible one-electron transfer processes are characterized by ΔE p = 59 mV and peak current ratios approaching 1. ] on a glassy carbon-working electrode at a scan rate of 400 mV/s. Decamethylferrocene, Fc*, was used as internal standard. For 4a, 5b, 6a and 6b, concentrations were 0.25 mmol.dm -3 for better clarity. Peaks labelled "D" represent decomposition processes of electrochemically generated − Cr-C
• radical anions at the redox process labelled "I". Figure 7 shows the computed frontier molecular orbitals of 3a.
30 The HOMO is located in a d atomic orbital of the chromium atom whereas the LUMO is mainly centered in the p z atomic orbital of the carbene carbon atom. Therefore, it should be expected that the one-electron reduction process should lead to the radical anion 3a•-whose unpaired electron remains mainly located on the p z orbital of the carbene carbon atom. Indeed, the computed spin density on 3a•-indicates a value of 0.60 e on the carbene carbon atom thus confirming the assignment of -Cr-C• as reduction product. Similar LUMO's were observed for the rest of the mono-and biscarbene complexes. The carbene double bond, Cr=C, of the present series of compounds benefits from the presence of the electron-donating furyl, thienyl or ferrocenyl group which allows for conjugation ( Figure 1 ). Conjugated substituents that have different electron donating capabilities are known to alter the redox potential of a redox active species: the more electron-donating a substituent is, the more the redox potential shifts to smaller values. 31 Non-conjugated substituents also influence the redox potentials of a redox active species but to a much lesser degree. It was found that if a substituent functionality is separated by an alkyl chain of more than four isolating (i.e. nonconjugated) carbon atoms from the redox active site, the redox active site is essentially not influenced by the substituent functionality. 32 The influence of three different conjugated aryl groups, ferrocenyl, furyl and thienyl, as well as OEt and NHBu functionalities on the potential of Cr=C reduction is highlighted in this study.
One-electron Cr=C reduction to electron-donating capability of the ferrocenyl group is known, 33 and from the above potentials it is evident that the observed electron-donating capability of the furyl group in the chromiumethoxy carbenes is less than that of ferrocenyl, while thienyl is the weakest electron-donating aryl group in the present series of compounds. The observed electrochemical trend nicely correlates with the computed energy of the corresponding LUMO: -2.12 eV (Ar = Fc) > -2.52 eV (Ar = Fu) > -2.69 eV (Ar = Th) which shows that a less stabilized (i.e. less negative) LUMO is translated into a higher reduction potentials. In addition, this result supports the finding of the 13 C NMR study discussed above, showing that the Cr=C functionality of furyl complexes were more shielded than thienyl complexes. Cr=C reduction for 6b fell outside the solvent potential window, as did Cr(I) oxidation to Cr(II) for 1, 3a, 5a, 5b and 6a. During Cr(0) oxidation of 5a, 5b and 2, two poorly resolved redox processes were observed.
HOMO (3a)
LUMO (3a) 3a·- 
11
Upon changing the OEt substituent to NHBu to give [(OC) 5 Cr=C(NHBu)Ar], the same trend was observed in that 5b (Ar = Th) is also reduced at an E pc 105 mV larger than 5a (Ar = Fu). (There was no E pa observed for 5a implying ΔE o ' could not be calculated). Both the NHBu and OEt groups are directly bonded to the Cr=C centre and, like the aryl groups, also allow for conjugation (Figures 1 and 2) . The NHBu group shifted the formal reduction potential of the Cr=C species with ΔE pc = E pc,Fu-OEt,3a -E pc,Fu-NHBu,5a = -1823 -(-2398) = 575 mV and ΔE o ' = E o ' Th-OEt,3b -E o ' Th-NHBu,5b = 470 mV to more negative potentials than those observed for OEt derivatives, in agreement with the computed less negative LUMO energies (-2.16 and -2.20 eV for 5a and 5b, respectively). Clearly, from these large shifts to more negative potentials, the NHBu group is more successful in donating electrons to the Cr=C redox centre (Figure 2 ) than the OEt functionality, which agrees with the well-known higher donor-ability of nitrogen atoms compared to the more electronegative oxygen atoms.
The changes in Cr=C reduction potential as a function of Ar, OEt or NHBu for the biscarbenes was not as large, but in essence the same general directional changes in potentials were observed. The observed shifts in potentials as a function of aryl, OEt and NHBu functionalities are summarized in Figure 6 . The only biscarbene Cr=C reduction that could not be interpreted within this context was 6b since this redox process (E pc < -2.4 V) fell outside the potential window of the solvent CH 2 Cl 2 .
Cr(0) oxidation to Cr(I) is observed in the potential range 0.289 < E o ' < 0.650 V ( Table 3) . As shown in Figure 7 , the HOMO of furyl complex 3a is mainly located at the chromium(0) atom. 34 Similar HOMO's were observed for the rest of the complexes. Thus, the first oxidation process in all complexes may be attributed to the one-electron oxidation of Cr(0) to Cr(I) which leads to a radical cation where the unpaired electron is located in the transition metal atom (see also Figure  8 ). For the biscarbene complexes 2, 4 and 6 the oxidation of the two Cr(0) centers takes place at such closely overlapping potentials that, with the exception 2 (Table 3) , they could not be resolved. Hence in the computational discussion of 4a below, this oxidation was modeled as a process in which two electrons was transferred simultaneously. The Cr 0/1 redox couple has better ΔE p values than Cr=C reduction with the ethoxy biscarbenes 4a (Ar = Fu) and 4b (Ar = Th) as well as the amino monocarbene 5a showing ΔE p < 69 mV, but by and large this couple was also electrochemically pseudo reversible. Peak current ratios were better than 0.69 for almost all mono-and bis-Fu and Th complexes. The monomeric Fu and Th NHBu complexes 5a and 5b showed splitting of the Cr 0/1 couple into poorly resolved components a and b (Figures 5 and 6,  Table 3 ), which is consistent with the rotamers shown in Figure 2 . From NMR measurements, see above, the syn and anti zwitterionic rotamers are present in an approximate ratio of 1:1. The oxidation of one of the zwitterionic rotamers of 5a and 5b is associated with one of the two Cr As with reduction wave I, the potentials associated with Cr(0) oxidation of [(OC) 5 Cr=C(NHBu)Ar] for the Ar = Fc complex 1 (0.289 V) and the two NHBu complexes 5a and 5b were the lowest ( Figure 6 , Table 3 ). The ethoxy-furan carbene 3a exhibited a Cr(0) oxidation potential 209 mV more positive than 1 (compared to the 265 mV more positive potential observed for Cr=C reduction) while the thienyl derivative is, as with Cr=C reduction, oxidized at the largest potential.
Fu,3a was 67 mV for wave 1 while for Cr=C reduction the corresponding potential shift was 121 mV. The thienyl butylamino derivative 5b also undergoes Cr(0) oxidation at a formal oxidation potential 33 mV more positive (wave 1b) than the furan derivative 5a. Again, a clear correlation between the observed first oxidation potential and the computed HOMO energies can be found: -5.70 eV (5b) <-5.84 eV (1) NHBu,5b = 130 mV (utilising wave 1b for 5a and 5b) to more negative potentials (Table 3, Figure 6 ). Although this shift is less than that observed for Cr=C reduction, the shift was in the same direction and thus mutually consistent with the conclusion that the NHBu group are more successful in donating electrons to the Cr=C redox center than the OEt functionality.
Finally, at the positive edge of the potential window of CH 2 Cl 2 , we could observe a second, irreversible (i pc = 0) oxidation process for 3b, 4a, 4b and 6a. For all other complexes this redox process fell outside the workable potential window of CH 2 Cl 2 . This second observed oxidation process at wave 2 (Figure 4 ) belongs to Cr(I) oxidation to Cr(II) because the unpaired electron in the corresponding radical cation is located in the metal atom (see Figure 8a) . As the Cr I/II couple is electrochemical irreversible, and because the observed, quite similar, E pa values (Figure 6 ) are so close to the edge of the solvent potential window, it was not possible to interpret any potential changes as a function of carbene substituents. The complete irreversibility of the Cr I/II couple 13 with i pc /i pa = 0 (wave 2, Figure 4 , Table 3 ) contrasts the Cr=C reduction (wave I) which exhibited in most cases nonzero i pa /i pc ratios. This highlights that the electrochemically generated Cr(II) species is much more reactive than the electrochemically generated -Cr-C• species, and destructs on a much faster timescale.
The latter result prompted us to analyze the nature of the dicationic species formed upon the second electrochemical oxidation process in detail. As is readily seen in Figure 8a , dicationic complex 3a 2+ exhibits an unusual structure which is markedly different to the structures of 3a and the radical cation 3a· + . Indeed, a hydrogen atom of the ethoxy moiety is found close to the chromium atom (Cr···H distance of 2.080 Å), pointing to a possible C-H agostic interaction.
To gain more insight into the bonding situation of 3a 2+ , we also analyzed the C-H···Cr interaction with the help of the Atom in Molecules (AIM) 35 and Natural Bond Orbital (NBO) 36 methods. The laplacian distribution of 3a 2+ in the Cr···H-C plane (Figure 9a ) clearly reveals the occurrence of a bond critical point located at midpoint between the transition metal and the hydrogen atom, which is associated with a bond path running between the corresponding two atoms. This proves the existence of a direct interaction between both atoms. Moreover, the computed value of 0.035 e.Å -3 for the electron density at the bond critical point, is in the range expected for CH agostic interactions. 37 This is further supported by the NBO method which locates a stabilizing electronic donation from the doubly occupied σ(C-H) molecular orbital to the vacant d atomic orbital of the chromium (associated second-order perturbation energy of -36.7 kcal/mol, see Figure 9b ). The presence of the vacant orbital is, of course, a direct consequence of the oxidation process which eliminates the two electrons present in the HOMO of 3a (located in the chromium atom). The special bonding situation of 3a 2+ seems to be general as a similar structure was found for the tetracationic species 4a 4+ formed upon two consecutive twoelectron oxidation processes from 4a via the open-shell singlet species 4a 2+ (see Figures 8b and  9c) . Finally, with respect to the furyl-and thienyl-containing butylamino monocarbene complexes 5a and 5b, Scheme 2 highlights the electrochemical pathway of the observed redox processes. The ethoxy monocarbene complexes undergo essentially the same processes while for the biscarbenes complexes a second -Cr-C• radical anion, Cr(0) and Cr(I) oxidation at overlapping potentials with the first processes at waves I, 1 and 2 (Figure 4 ) also forms.
New furyl mono-and bis-butylaminocarbene chromium complexes [(CO) 5 Cr=C(NHBu)Fu], 5a and [(CO) 5 Cr=C(NHBu)-Fu'-(NHBu)C=Cr(CO) 5 ], 6a, were prepared from the ethoxy precursors. The formation of both syn-and anti-rotamers across the restricted C carbene -N bond was observed by the duplication of all 1 H NMR signals of 5a in a ratio of 1:0.95 (syn:anti). Ferrocenyl and thienyl derivatives were also prepared, and the structure of 4a [(CO) 5 Cr=C(OEt)-Fu'-(OEt)C=Cr(CO) 5 ] was solved. From an electrochemical study it was found that the carbene functionality of all ferrocenyl substituted complexes were most electron-rich but that the Cr=C functionality of thienyl complexes were most electron-poor. This result is mutually consistent with a 13 C NMR study that showed the Cr=C functionality of furyl complexes were more shielded than thienyl complexes. Three carbene-based redox processes were observed: electrochemical pseudo reversible reduction of Cr=C to 
Experimental
General considerations. All operations were carried out under an inert atmosphere of nitrogen or argon gas using standard Schlenk techniques. Solvents were dried by refluxing on sodium metal (hexane, thf and diethylether) or over phosphorous pentoxide (CH 2 Cl 2 ) and then distilled under nitrogen prior to use. Chemicals were used without further purification unless stated otherwise. Triethyloxonium tetrafluoroborate (Et 3 OBF 4 ) was synthesized according to literature procedures. 15 Purification with column chromatography was done using silica gel 60 (0.0063 -0.200mm) as stationary phase. A Bruker AVANCE 500 spectrometer was used for NMR recordings.
1 H NMR spectra were recorded at 500.139 MHz and 13 C NMR spectra at 125.75 MHz. The signal of the solvent was used as reference: 1 H CDCl 3 at 7.24 ppm and 13 C CDCl 3 at 77.00 ppm. Solution IR spectra were recorded on a Perkin-Elmer Spectrum RXI FT-IR spectrophotometer using hexane as solvent. Only the vibration bands in the carbonyl-stretching region (ca. 1600 -2200 cm -1 ) were recorded. Melting points were not recorded due to decomposition during heating.
Synthesis of carbene complexes 1-4. The carbene complexes 1, 16 2, 18 3, 17 4a,4 (e) 4b,4 (f) 5b7 and 6b7 were prepared according to known literature procedures. Spectroscopic data for 1, 2, 3b, 4b, 5b and 6b have been reported in our previous study. [(CO)5Cr{C(OEt)(Fu')C(OEt)}Cr(CO)5] 4a [Cr(CO) 5 {C(NHBu)Fu}] 5a 3a (2 mmol, 0.69 g) was dissolved in ether and n-butylamine (2.2 mmol, 0.22 mL) was added at room temperature (rt). A rapid color change from red to yellow was observed. Volatiles were removed by reduced pressure and purification was done using column chromatography with a 1:1 hexane/CH 2 Cl 2 solvent mixture. Two isomers formed and although it could not be separated by column chromoatography, two sets of NMR data could be distinguished. Yield 0.55g (85%) yellow crystals. 
Crystal structure determination
Data for a dark-purple needle crystal (0.018 x 0.020 x 0.376 mm) of 4a were collected at 150 K on a Bruker D8 Venture kappa geometry diffractometer, with duo Iµs sources, a Photon 100 CMOS detector and APEX II 38 control software using Quazar multi-layer optics monochromated, Mo-Kα radiation by means of a combination of φ and ω scans. Data reduction was performed using SAINT+ 38 and the intensities were corrected for absorption using SADABS. 38 The structure was solved by intrinsic phasing using SHELXTS 39 and refined by full-matrix least squares using SHELXTL 39 and SHELXL-2012. 39 In the structure refinement all hydrogen atoms were added in calculated positions and treated as riding on the atom to which they are attached. All nonhydrogen atoms were refined with anisotropic displacement parameters, all isotropic displacement parameters for hydrogen atoms were calculated as X × U eq of the atom to which they are attached, X = 1.5 for the methyl hydrogens and 1.2 for all other hydrogens. One methyl group in each molecule (C16, C36) is disordered and two sites were refined for each (in both cases with a refined sof ratio of 0.61 : 0.39). The major site for C16 (C16A) is shown in Figure 3 .
Electrochemical studies
Cyclic voltammograms (CV's), square wave voltammograms (SW's) and linear sweep voltammograms (LSV's) were recorded on a Princeton Applied Research PARSTAT 2273 voltammograph running PowerSuite (Version 2.58) utilizing a standard three-electrode cell in a M Braun Lab Master SP glovebox filled with high purity argon (H 2 O and O 2 < 5 ppm). A platinum wire auxiliary electrode, a silver wire pseudo internal reference and a glassy carbon working electrode (surface area 3.14 mm 
Computational studies
Geometry optimizations without symmetry constraints were carried out using the Gaussian09 suite of programs 42 at the B3LYP (uB3LYP for open-shell species) 43 using the double-ζ plus polarization def2-SVP 44 basis set for all atoms. This protocol is denoted B3LYP/def2-SVP. Zero point vibrational energy (ZPVE) corrections have been computed at the same level and have not been corrected. All species were characterized by frequency calculations, and have a positive defined Hessian matrix indicating that they are minima on the potential energy surface. Donoracceptor interactions were computed using the natural bond orbital (NBO) method. 34 The energies associated with these two-electron interactions have been computed according to the following equation: 
